In the past it has been well established that DS versions of conventional, corrosion resistant superalloys such as IN792 often suffer from poor castability. Main issues are insufficient resistance against grain boundary (GB) cracking, freckle formation, equiaxed grain formation and a negative heat treatment window which can impair the strength advantage over the conventionally cast counterpart. This highlights the need for compositions that are specifically tailored for DS-applications.
One compositional modification to avert grain boundary cracking, which is a consequence of shrinkage stresses during casting, is the addition of Hafnium /I, 41. However, Hf-addition has some drawback by itself.especially when large castings for stationary gas turbine applications are considered. It not only reduces the heat treatment window (temperature difference between incipient melting point and y'-solvus), but also increases the reactivity of the alloy with the shell mould which can lead to wrinkle formation and inclusions. Compositional changes that improve GBcracking resistance without addition of Hf are therefore particularly attractive.
For the above reason, it is the goal of this paper to investigate measures for DS-castability improvement in non-Hf containing superalloys. Furthermore, the focus is on materials with Cr-content in the 12% range which yields acceptable resistance in corrosive environments along with an attractive strength potential. After investigating fundamental aspects of DS-castability on model alloys in the first part, experience with alloy ABB 2 DS is reported in the second part. This alloy has been developed along the lines proposed here. For comparison, reference is also made to well established "low-Cr" DSalloys such as CM247LC DS. Fundamental aspects of DS-castability
Grain boundary cracking
Grain boundary cracking is frequently encountered during casting of hollow DS-blades.
It is a consequence of shrinkage stresses between superalloy and ceramic core and is believed to occur at temperatures close to the melting point /4/ ("hot tearing"). To assess the mechanism of GB cracking, cylindrical DS-specimens were subjected to compressive loading along the longitudinal axis in a Gleeble 1500 testing machine /5/. Tests were performed in vacuum at temperatures between 1100°C and 1250°C. The specimens were heated by electric resistance heating. All specimens were tested in the as-cast condition unless otherwise stated. Measuring the specimen diameter D, the circumferential tensile strain acting perpendicular to the grain boundaries is given by D E=--1 Do (D,: initial specimen diameter). In fig. 1 F,,,~, which is defined as the circumferential strain at first crack occurrence, is plotted as a function of temperature. The composition of the investigated model compositions is given in tab. I, A remarkable finding is that the fracture strain strongly decreases towards higher temperatures above approx. 1150°C. This is consistent with the notion of "hot tearing" as the relevant fracture mechanism. Furthermore, s,,,r is strongly composition dependent. For Var. a, a circumferential strain of approximately 2% is sufficient for GB cracking to occur at 1250°C. In contrast, Var. b and CM247LC DS, which is known for its GB cracking resistance, endure approximately 10% strain before fracture. The major difference between Var. a and Var. b is the substitution of y/y'-eutectic forming elements by tungsten. Temperature ("C) ' For all tested materials, the level of interstitial segregants has been carefully monitored and kept at comparable level to exclude tramp element effects on the propensity to grain boundary cracking The role of segregation may be best understood by noting that acceptable ductility, at temperatures close to the melting point, requires:
. Homogeneous deformation over a large material volume fraction. . High intrinsic ductility of the volume element undergoing deformation.
Alloys with high amount of interdendritic segregants promote strong melting point gradients from dendrite core to the last liquid to solidify. This in turn causes a strong gradient in homologous temperature T/T,, (T,,,: local melting point) and, hence, localization of creep deformation, It also increases the likelihood of remaining liquid pools which can be separated by shrinkage strains and act as crack initiation sites. Thirdly, high amounts of interdendritic segregants increase the volume fraction of eutectic islands at grain boundaries which also appear to be preferential fracture sites ( fig. 3 ) because they lead to additional strain localization and/or reduced ductility. Therefore, it is concluded that for Hf-free DS-alloys the amount of eutectic forming elements (i.e. interdendritic segregants) should be as low as possible to meet the above reauirements Although drscussron of the Hf-effect IS beyond the scope of this paper, It IS noted that Hf-contarnrng materials often form relatrvely broad eutectrc regions rather than Islands at grain boundaries (fig 2b) . Because the total shrinkage strain can then be drstnbuted over a relatively large volume fraction of almost constant meltrng point, the beneficial effect of Hf when added in sufficient quantity is plausible Prerequisite is, however, that the eutectic region IS suffrcrently ductile To achieve this latter requirement in non-Hf contarnrng materials IS probably difficult due to the potential embnttlrng effect of TI and Ta at levels necessary to promote suffrcrently high eutectrc volume fractions
In addition to resistance against GB cracking, DS superalloys must have a high resistance against freckle formation. Freckles are defects that appear as elongated "chains" of equiaxed grains with high eutectic phase content caused by strong enrichment in Ti, Ta, and Hf ( fig. 5 ). Their formation is attributed to the flow of interdendritic liquid 12, 3, 6/which is driven by an instable density distribution (interdendritic liquid lighter than liquid with nominal composition).
It is a phenomenon that is dependent on casting condition and alloy chemistry 131. Long solidification times do promote freckle formation. Hence, it is of particular importance for the production of large, industrial gas turbine parts to select freckle-resistant DS-alloys. Absence of freckle formation regardless of the casting condition is expected for alloys where the interdendritic liquid exhibits a higher density, pld, than the liquid with nominal composition, C,. This requires careful balance of elements that strongly partition to the dendritic or interdendritic regions (W, Ti, Ta). While pld > p may not be met for other reasons, the tendency to freckle formation must be considered as an important parameter within the overall alloy development strategy. 
Heat treatment window and mechanical properties
The ability to completely solution the y'-phase is an important factor to avoid weak links in the microstructure /9/ and to exploit the full strength potential of DSsuperalloys. For industrial applications, the heat treatment window should be at least 20K. This requirement is of'ten not fulfilled using DS-versions of materials that were originally designed for conventional casting. Fig. 8a shows the differential thermal analysis (DTA) curve of IN792DS as example, It is noted that incipient melting starts at a temperature where y' dissolution is still ongoing. This problem is further aggravated in large DS-castings for industrial gas turbine applications since cooling rates are relatively low Note, that the requirements for GB cracking resistance and acceptable heat treatment window point in the same direction, namely reduction of the alloy segregation level by formulation of "lean" compositions. It turns out that a Ta/Ti-ratio > 1.5 along with a Ti-content < 3.5% is generally preferable. Although corrosion resistance tends to decrease with decreasing Ti-content, acceptable levels can still be maintained following these guidelines 181, especially since homogeneity adds to the environmental resistance. This strategy is quite different from previous alloy designs for stationary gas turbine applications where high Ti-contents at moderate Ta-levels were selected in the quest to maximize corrosion resistance.
Experience with ABB 2 DS ABB 2 DS is an alloy that was developed along the lines discussed in the previous sections. The composition is derived from Var. b with further modifications to ensure SDC > 1. The typical composition range is given in /IO/. Important features are a relatively high Ta/Ti-ratio >I.5 which was found to be necessary to achieve requirements on GB cracking resistance, freckle resistance and heat treatment window. Compared to conventional alloys such as IN738LC or lN792, the tungsten level of approx. 7.5%-9.5% is also relatively high. This was found to be beneficial from a strength point of view. In fig. 9 , creep and fatigue properties are shown in comparison to IN738LC and CM247LC DS. Despite a Cr-content of approx.
12%, ABB 2 DS shows remarkably good properties. They are comparable to superalloys with significantly lower Cr-content. The creep strength advantage over IN738LC is approx. 50°C. This is partly attributed to the excellent heat treatment response of the alloy. For industrial applications, a two stage heat treatment turns out to be sufficient for complete solutioning ( fig. 10 ).
Using a complex blade of approx. 300mm length, the castability of ABB 2 DS was evaluated in comparison to state-of-the-art alloys (CM247LC , CM186LC). Results are summarized in tab V. It is noted that ABB 2 DS shows excellent castability. Despite the complexity of the blade, which is reflected in the GB cracking phenomenon observed for CM186LC DS, 100% casting yield based on standard defect acceptance criteria has been achieved on a statistically significant number of parts. Very good castability is also observed for CM247LC DS. Freckles are generally shallow and can be machined off. On the one hand, this result confirms the excellent castability of CM247LC DS in stationary gas turbine applications. On the other hand, it demonstrates that DS-castable compositions can successfully be formulated in the 12%-Cr range. 
Conclusions
Fundamental aspects of DS-castability were investigated with emphasis on Hf-free compositions. It was concluded that the amount of interdendritic segregants has to be reduced to improve resistance against grain boundary cracking and to enlarge the heat treatment window Furthermore, a new parameter, the solidification density coefficient SDC, has been proposed to describe the freckle resistance of DS-alloys quantitatively. The excellent performance of alloy ABB 2 DS in terms of castability and high temperature strength is taken as evidence for the validity of the concepts discussed here. 
